Abstract: Circularly polarized synthetic aperture radar (CP-SAR) is known to be insensitive to polarization mismatch losses caused by the Faraday rotation effect and antenna misalignment. Additionally, the dual-circular polarimetric (DCP) mode has proven to have more polarimetric information than that of the corresponding mode of linear polarization, i.e., the dual-linear polarimetric (DLP) mode. Owing to these benefits, this paper investigates the feasibility of CP-SAR for rice monitoring. A ground-based CP-radar system was exploited, and C-band anechoic chamber data of a self-cultivated Japanese rice paddy were acquired from germination to ripening stages. Temporal variations of polarimetric observables derived from full-circular polarimetric (FCP) and DCP as well as synthetically generated DLP data are analyzed and assessed with regard to their effectiveness in phenology retrieval. Among different observations, the H/ᾱ plane and triangle plots obtained by three scattering components (surface, double-bounce, and volume scattering) for both the FCP and DCP modes are confirmed to have reasonable capability in discriminating the relevant intervals of rice growth.
Introduction
Conventional polarimetric synthetic aperture radar (SAR) that adopts linearly polarized (LP) antennas on the transmitter and receiver, aptly named as LP-SAR, has already proven its powerful classification ability. Besides, an important performance consideration involves the technical trade-off between the full-linear polarimetric (FLP) and dual-linear polarimetric (DLP) modes. The FLP mode provides complete polarimetric information which enhances the target parameter retrieval and polarimetric discrimination. However, inherent limitations such as reduction of swath width, an increase of system complexity, data rate, and power consumption will be compromised. DLP systems, on the other hand, overcome these limiting factors but they do not afford complete information regarding the full polarization state of the targets. For example, it results in a less accurate alpha angle parameter [1, 2] and does not give the possibility to perform three-component Due to the growing interest in the use of circular polarization, we investigate, in this paper, the feasibility of the FCP and DCP modes of CP-SAR and its performance on rice phenology monitoring. For this purpose, a ground-based CP-radar system was adopted, and the time-series C-band backscattering data of a Japanese rice paddy (Oryza sativa L.) were analyzed. The rice samples were repeatedly observed within an anechoic chamber from germination to ripening stages. To analyze the radar backscatter as a function of growth stages, different polarimetric signatures and target decomposition techniques are exploited for both FCP and DCP data. In addition, H/ᾱ decomposition for the DLP mode is also examined for comparison purposes.
The paper is organized as follows: the polarimetric decomposition and analysis methodologies for the FCP, DCP, and DLP modes are demonstrated in the next section. Section 3 provides an explanation of the employed ground-based CP-radar system and its polarimetric calibration, the phenological description of the measured rice samples, and the methodology used in data analysis. The experimental results and discussion are given in Section 4. The last section concludes the paper.
Methodology
Since compact polarimetric SAR systems have been gaining increasing attention, the aim of this study is to assess the performance of the DCP mode by comparing its information content with that of the FCP mode in the case of rice backscattering. For this task, it is required to derive and evaluate the compact versions of eigenvalue/eigenvector-based and model-based target decompositions. The relevant scattering decomposition methods for both the FCP and DCP modes are discussed in the following. The DLP version of eigenvalue/eigenvector-based decomposition is also explained to compare the CP-SAR performance with LP-SAR.
Target Decomposition for FCP Data
Among a substantial number of incoherent decomposition techniques, we chose Cloude-Pottier eigenvector-based H/ᾱ decomposition (hereafter referred to as H/ᾱ decomposition) [17] and four-component model-based decomposition for the FCP mode [18, 19] . Applying the H/ᾱ decomposition, the polarimetric entropy H and alpha angle α can be deduced, where H represents scattering randomness, and the α is associated to the corresponding scattering mechanism represented by each eigenvector [17] . The four-component decomposition technique yields four elementary scattering mechanisms, i.e., surface, double-bounce (or dihedral), volume (or multiple), and helix scattering. This methodology was first proposed by Yamaguchi et al. [18] , and we adopt herein the improved four-component decomposition proposed by Singh et al. [19] which fully accounts for coherency matrix coefficients.
To apply the aforementioned decomposition theories to FCP data, linear to circular polarization basis transformation is used to obtain first the three-dimensional (3D) Pauli scattering vector in circular basis, given as:
where S xy are the elements of the scattering matrix with x and y denoting the received and transmitted waves respectively, and subscripts L and R represent left-handed circular polarization (LHCP) and right-handed circular polarization (RHCP) respectively. The averaged coherency matrix can then be obtained via the Pauli scattering vector in (1) as:
where the superscript † indicates conjugate transpose, and <·> indicates the ensemble averaging operation. This tailored coherency matrix for circular polarization basis makes it possible to adopt decomposition techniques in a similar fashion to linear polarization basis. Under ideal conditions where there are no adverse effects, the information content of FCP and FLP data are identical because each can be transformed to the other via the unitary matrix.
Target Decomposition for DCP Data
Recently, several target decomposition theories for compact polarimetric SAR data have also been proposed. There are three main groups, which differ in the type of the symmetry assumptions that they made about the observed media and/or the matrix used in decomposition: decomposition deduced by the Stokes vector [20] ; 2 × 2 coherency matrix [10] ; and 3 × 3 pseudo-coherency matrix [21] . Here, we note that the decomposition deduced from the 3 × 3 pseudo matrix was not adopted in this study since the assumed relationship between the correlation coefficient and cross-polarization ratio would not always be valid [21] . Thus, we employed two decomposition approaches, one based on the Stokes vector and the other on the 2 × 2 coherency matrix, which carry identical information [20] . The H/ᾱ decomposition and the three-component decomposition are explained below.
H/ᾱ Decomposition
We use the unexpanded 2 × 2 coherency matrix to implement H/ᾱ decomposition. With this approach, two eigenvectors corresponding to the first and second dominant eigenvalues can be extracted. The two-dimensional (2D) Pauli vector for circular polarization and the LHCP transmit case is expressed as [10] :
The coherency matrix is obtained via the Pauli vector in (3) as:
Here, λ i are the eigenvalues and u i are the orthogonal eigenvectors of the unitary matrix
where superscript T denotes the transpose operation. The H and mean α (α) are then given by:
where scattering probabilities are:
Theᾱ values for the surface, dipole, and double-bounce scattering mechanisms can be calculated from (4), (5) , and (7 The obtained pairs of H andᾱ values are then plotted on the H/ᾱ 2D plane with some boundaries to clarify the scattering mechanism and feasible region [17] . We perform the analysis on the H/ᾱ plane for displaying the polarimetric signatures of each rice growth stage. Besides, the FCP and DCP modes have different H/ᾱ plane plots because the boundaries of each zone differs [11] . Here, our main purpose is to compare the performances of the two modes, thus, we display the H/ᾱ plane with α' = 90 • − α condition for the DCP case. Figure 2 shows the H/ᾱ planes with different boundaries for each case. 
Three-Component Decomposition
Cloude et al. proposed compact three-component decomposition theory using the Stokes vector by considering the relation between the Stokes vector and the 3 × 3 coherency matrix [20] . This method extracts three components; namely, surface, double-bounce, and volume scattering power as a function of dominant α and degree of polarization (DoP) which represents the polarized wave ratio of the total receiving power (similar value with entropy).
The Stokes vector for the DCP mode is defined as (LHCP transmit case):
Three components-the surface (P s ), double-bounce (P d ), and volume (P v ) scattering power-are obtained as:
where m and α s represent the DoP and dominant α respectively, defined as:
As α s indicates the dominant α, the same α provided by full polarimetric (FP) data can be recovered only when there is a dominant eigenvector in the coherency matrix of FP and a reflection symmetric medium.
Target Decomposition for DLP Data (H/ᾱ Decomposition)
The DLP contains HH/VH or VV/HV scattering matrix coefficients and also yields a 2 × 2 coherency matrix-similar to DCP. Consequently, the H/ᾱ decomposition approach can be directly performed on this coherency matrix [1, 22] . Note that, in this study, we use the synthetically generated DLP data obtained by unitary transformation from circular to linear basis:
The coherency matrix is then expressed by the outer product of the Pauli vector in the same manner as given in (4) (H transmit):
[
where
To compute H for the DLP mode, the same equation of the DCP mode given in (6) is used. Calculation ofᾱ, however, requires a different process, given as:
where P i are calculated in the same manner as (8) . Note that the boundary curves of the H/ᾱ plane for the DLP mode are the same as the DCP curves (see Figure 2b ).
Experimental Scheme

System Description
Circular polarization can be achieved by setting a 90 • phase difference between H and V polarizations [23] . To introduce this concept, we employed diagonal dual LP-horn antennas with a phase shifter for transmitting and receiving the CP-signal. The vector network analyzer and rotational positioner controlled by the positioner controller were utilized to construct the whole CP-radar system. The experimental geometry illustrated in Figure 3 was adopted, and the rice measurements were conducted within an anechoic chamber to achieve a fully controlled environment. The incidence angle was set to 70 • , and the operational frequency was adjusted to 4.5-7.5 GHz (bandwidth is 3 GHz) in C-band. An angular span of 0 • to 359 • was used to investigate the rice backscattering from all azimuth angles. Therefore, quasi-monostatic antennas always face the target direction.
Before starting experiments, the measurement of the AR parameter of the antennas was needed in order to check the deviation from circular polarization. Theoretically, 0 dB of AR shows ideal circular polarization whereas an infinite value corresponds to ideal linear polarization [23] . An AR value of less than 3 dB is generally considered as an acceptable value for most applications [24] , and we follow this definition in this paper. The AR of our CP-antennas was measured inside the anechoic chamber and was found to be under 2.5 dB over the entire operational frequency bandwidth which means that our antennas achieve good circular polarization purity within the investigated bandwidth. 
Polarimetric Calibration of CP-SAR System
The scattering matrix of all multi-polarimetric radar systems is easily contaminated by system-introduced distortions such as polarimetric channel imbalances, crosstalk, antenna gain, and impurity of polarization. This contamination inevitably degrades the polarimetric decomposition results, and thus polarimetric calibration should be performed in all cases. Here, we introduce the FLP calibration method proposed by Wiesbeck et al. [25] as a suitable and an effective way for calibrating the ground-based LP-radar systems. To apply this method to CP-radar, an error model in circular polarization basis is constructed [26] [T] can be estimated, as explained in detail in our previous study [26] . Empty room calibration is also needed within the steps to extract the isolation distortion matrix [I] , which can be performed easily by measuring a target free scene. Figure 4 shows the photographs and the layout of the rice target used in our experimental validation. A total of eight rice samples were uniformly planted in a rectangular box of dimensions 0.4 × 0.25 × 0.2 m (width × depth × height). The box was made of polystyrene foam for reduction of unwanted echoes and filled with 0.115 m depth of soil and 0.125 m depth of water, as shown in Figure 4b . Thus, the soil was flooded to realize the actual rice field condition. This condition was kept constant throughout the observation period from June to September to collect data that is sensitive only to the rice growth. The non-rice condition was also observed for investigation of the germination stage, where the only flooded soil exists inside the box. To describe the different rice phenological stages, we adopted Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie (BBCH) decimal scale [27] . BBCH scale provides the description of actual characteristics of an individual plant such as development rate of leaf, tiller, and panicle [13] . Therefore, utilization of this scale is useful to express rice phenology but not for detail morphological expression. BBCH values for all observed rice conditions are given in Table 1 together with day-of-year (DoY) and mean height as a morphological value. Moreover, based on given BBCH codes, five principal stages were designated, namely, Germination (stage 1), Tillering (stage 2), Stem elongation (stage 3), Booting (stage 4), and Ripening (stage 5) stages, where we referred to [27] . Our rice plants were discovered to have an increasing number of tillers until stage 2. Finally, an average of 17 tillers in each stock was observed by 6 July. The increase in the number of tillers was stopped at the end of stage 2 and samples began to initiate panicles inside the stem during stage 3. Just before heading at stage 4, panicles went up and started to come out of the stems. Finally, we found head emergence on 6 August for this type of rice sample.
Phenology Description of Cultivated Rice
Methodology of Data Analysis
As explained in Section 3.1, we adopted a 2D inverse SAR (ISAR) data collection geometry with a fixed incidence angle. Thus, the frequency domain backscatter data of rice samples were acquired for the complete azimuth angles from 0 • to 359 • . Figure 5 shows the reconstructed images of one sample of data observed on 30 August 2016, for LL, RL, and RR polarizations. A spherical back-projection algorithm is used to process this wide-angle data [28] . From the reflectivity images in Figure 5 , it can be clarified that all rice stocks are clearly identified for each polarization thanks to the high-resolution capability of our system. In practical rice monitoring applications, however, the resulted SAR images cannot usually maintain such a high-resolution feature, and a single resolution cell consists of the superposition of different scattering contributions from a few rice plants. Thus, for our situation, all eight rice plants should be confined inside a single resolution cell for a reasonable analysis of rice scattering mechanisms, as Sagues et al. mentioned [29] . For this reason, our analyses are not performed on image data but the scatterometric data obtained by ensemble averaging of the frequency domain data along with all the azimuth angles (0-359 • ) and frequencies (4.5-7.5 GHz). As a result, the whole scattering behavior is combined into a single coherency matrix as also adopted in [29] [30] [31] , and the decomposition theories explained in Section 2 are applied to this matrix. 
Rice Monitoring Results and Discussion
In the following subsection, the backscattering coefficients and the polarimetric decomposition results deduced by the averaged single coherency matrix will be presented for the extraction of physical scattering mechanisms of rice growth.
Backscattering Coefficient
Three scattering matrix data; S LL , S RL , and S RR were collected by assuming S LR = S RL since the reciprocity theorem almost holds true for our quasi-monostatic setup. Figure 6 shows the intensity of backscattering coefficients (LL, RL, and RR) as a function of DoY. The backscattering coefficients are normalized to a maximum value of the whole observation period. From Figure 6 , we can see that the backscattering coefficients for all three polarizations increase as rice plants grow until DoY 235 because these are related to the leaf area index, rice freshness, and rice height [32] , where our rice plants stop to increase those heights from DoY 235, shown in Table 1 . Before rice emergence from the soil (non-rice observation), the backscattering intensity exhibits very low values as a result of the specular reflection from the flooded ground.
The sense of CP-waves is reversed when they are reflected from flat surfaces and smoothly curved spherical reflectors. Therefore, cross-and co-polarization indicate odd-and even-bounce scattering mechanisms respectively. Based on this fact, it is seen from Figure 6 that the surface (cross-polarization) scattering produces relatively higher intensities than the double-bounce (co-polarization) scattering until the end of stage 3 and the opposite is true for later stages. Nevertheless, the maximum difference between polarimetric channels is around 2 dB which is not so significant. 
H/ᾱ Decomposition
The entropy andᾱ values for the FCP, DCP, and DLP modes are plotted in Figure 7 . Note that thē α for the DCP mode was treated with the conditionᾱ' = 90 • −ᾱ for comparison purposes as discussed in Section 2.2.1.
The entropy values shown in Figure 7a exhibit relatively lower values at stage 1, because of the non-planted soil condition which produces highly deterministic scattering. Right after vegetation starts to grow, other scattering mechanisms such as double-bounce and volume scattering make entropy higher. Except for stage 1, entropy values fluctuate within the ranges 0.95-1 for FCP, 0.8-0.9 for DCP, and 0.4-0.6 for the DLP mode. It can also be noted that the entropy values for FCP and DCP represent a similar progressive trend and around 0.12 discrepancy between them. On the other hand, entropy for DLP ranges between 0.4 and 0.6 which is comparably lower than those of FCP and DCP. Furthermore, an abrupt decrease at DoY 203 is also observed in the DLP mode, which is not the case in the FCP and DCP modes.
Theᾱ characteristic is shown in Figure 7b . FCP and DCP patterns are approximately identical except for non-rice and DoY 159 observations which differ by about ∼5 • . Despite this, each pattern shows an increasing trend, indicating a progression from surface scattering to dipole-like scattering.
On the contrary,ᾱ of DLP reveals a notably different result. Stage 1 measured a highᾱ of ∼78 • , which is regarded as multiple scattering. The value then stabilizes to around ∼75 • on average. To gain a deeper understanding of the scattering mechanisms contained in FCP and DCP data, the independent components of the H/ᾱ decomposition are investigated separately. Firstly, the appearance probabilities P i for each scattering type defined by the associated eigenvector are calculated (see (6) and (8) for the DCP case) to interpret the entropy plots in Figure 7a . Note that the decomposition of FCP and DCP data produces three and two eigenvectors/probabilities, respectively. Also, the probability values are constrained by the expressions, P 1 + P 2 + P 3 = 1 and P 1 ≥ P 2 ≥ P 3 for FCP, and similarly for DCP. The variation of these probabilities as a function of DoY are displayed in Figure 8 . The probability P 1 for DCP data shows a similar trend to that of FCP over the whole observation period but experiences slightly higher value (∼10%) for stages 3 and 4. From Figure 8a , an almost constant and relatively large P 3 (recessive scattering) (∼10%) is observed for FCP data. This is the case when more than three scattering mechanism components contribute to the receiving signals. Usually, complex targets such as forested areas give rise to this type of multi-scattering. If the third eigenvalue corresponding to P 3 strongly affects the receiving signal, the difference between the entropy values between FCP and DCP becomes higher because entropy is formulated by summation of each independent scattering contribution which corresponds to scattering probability. As Cloude et al. pointed out in [20] , compact mode systems typically produce higher entropy compared to the FP system. Secondly,ᾱ results given in Figure 7b are investigated in terms of their components. For each eigenvector u i , the corresponding α i is extracted by using α i = arccos(|u 1i |) where |u 1i | is the absolute value of the first element of the eigenvector. From the results given in Figure 9 , we notice that Figure 10b also reveal a broadened H/ᾱ pattern, but the two observations (DoY 159 and 174) in the tillering stage are moved away from each other more than the FCP case. Visually, the DCP mode affords better separation between booting and ripening stages compared to the FCP mode, but this cannot be regarded as better capability because the DCP mode has less information content than the FCP mode. Although the H/ᾱ plane plots for the FCP and DCP modes exhibit some different features, each mode yields satisfactory discrimination of the phenological intervals. In contrast, the H/ᾱ plane plots for the DLP mode cannot achieve adequate discrimination capability for our rice targets, since almost all intervals are not resolved successfully, as seen from Figure 10c . It is also worth noting that entropy andᾱ values for crop backscattering usually increase with increasing incidence angle. For lower incidence angles, surface reflection from soil is dominant whereas, for high incidence angles (e.g., greater than 20 • ), backscattering from vegetation stems and leaves make dipole-like scattering dominant, as demonstrated in [30] . Therefore, because of our high incidence angle (70 • ) feature, relatively higher H andᾱ values from our experiment than the usual spaceborne SAR incidence angle (common operational mode: <70 • ) can be expected.
Four-and Three-Component Decomposition
The four-and three-component decomposition results for the FCP and DCP modes are shown in Figure 11 respectively, where P s , P d , P v , and P c show surface, double-bounce, volume, and helix scattering respectively. The results are normalized to the maximum value of both modes. In Figure 11a , the double-bounce and surface scattering contributions of four-component decomposition demonstrate a similar evolutionary trend as the backscattering coefficients of co-and cross-polarization in Figure 6 . This similarity proves that co-and cross-polarization indicate even and odd bounce scattering mechanisms respectively, as mentioned in Section 4.1. Figure 11a also reveals a stronger volume scattering component than other scattering mechanisms at stages 4 and 5 as well as its evolutionary trend during rice growth. Relatively low helix scattering is also shown, as expected, from vegetation. When we compare the results of both modes, we see that both volume scattering components result in a similar evolutionary trend and value. In contrast, the surface and double-bounce scattering of the DCP mode show lower power than the FCP mode. This error might be attributed to dominant α values because surface and double-bounce scattering are a function of dominant α values, shown in (12). Since we found the dominant α difference between the FCP and DCP modes in Figure 9 , this error obviously affects the power level.
To investigate the relative contribution of the scattering component, we present the rate of each scattering mechanism on a triangle plot, which is a similar analysis to [33] , shown in Figure 12a ,b for the FCP and DCP modes respectively. Note that we exclude the helix scattering contribution from the FCP mode for comparison between both modes. Figure 12a shows similar results to H/ᾱ display, where the triangle plot for the FCP mode loosely falls into four groups: germination, tillering, stem elongation, and a mix of booting and ripening stages. Therefore, booting and ripening stages still cannot be clearly separated. Moreover, we notice that double-bounce scattering gradually increases as rice grows (from 7% to 36%), while vice versa, the surface scattering decreases in the FCP mode. This situation can also be seen in the DCP mode, where double-bounce scattering increases from 7.8% to 20%, as depicted in Figure 12b . However, as indicated above, the DCP mode shows a relatively stronger volume scattering component (lower surface and double-bounce scattering contribution) in Figure 12b . Therefore, three-component decomposition for the compact mode should be improved to better approximate the FP mode results. 
Conclusions
This work investigated the FCP and DCP modes of CP-SAR (end-to-end circular polarization system) through rice growth monitoring. For this purpose, self-cultivated rice plants from germination to ripening stages were analyzed by means of frequency domain data measurement using a ground-based CP-radar system. We applied the H/ᾱ and four-/three-component polarimetric decomposition techniques to measurement data.
The results for the two types of polarimetric decomposition can be summarized as:
• The H/ᾱ 2D plane showed a satisfactory clear pattern of each stage of rice growth and yielded rough discriminating capability. However, booting and ripening stages could not be separated.
•
The DCP mode exhibited better classification capability than DLP mode on the H/ᾱ 2D plane.
The four-/three-component decomposition results demonstrated a similar trend of surface and double-bounce scattering as backscattering coefficients of cross-and co-polarization respectively.
The triangle plot of relative scattering components contribution showed adequate classification capability, similar to the H/ᾱ plane.
The comparison results between FCP and DCP modes can be stated as:
• Entropy showed a difference of ∼0.12 between each other, but overall evolution exhibited similarity.ᾱ values almost coincided with each other except for non-rice and DoY 159 observations, but dominant and second dominant α resulted in differences.
The volume scattering component yielded a very similar trend and value. Surface and double-bounce scattering presented different power to each other.
Overall, results for both the FCP and DCP modes of CP-SAR demonstrated adequate rice phenology classification capability. Differences in some polarimetric decomposition parameters between the FCP and DCP modes were noted. Moreover, the DCP mode yielded similar performance to the FCP mode about the H/ᾱ decomposition and volume scattering, and better classification performance of rice phenology compared to the DLP mode.
This work showed the first results of the ground-based CP radar system for long-term rice observation. We anticipate that this study will contribute to the future development and implementation of CP-SAR systems for space-borne and airborne missions, to be used for precise and efficient monitoring of vegetation and ground surface by combining the advantages of circular polarization and the compact mode.
